We study within the many-body Green's function GW and Bethe-Salpeter formalisms the excitation energies of a paradigmatic model dipeptide, focusing on the four lowestlying local and charge-transfer excitations. Our GW calculations are performed at the self-consistent level, updating first the quasiparticle energies, and further the single-particle wavefunctions within the static Coulomb-hole plus screened-exchange approximation to the GW self-energy operator. Important level crossings, as compared to the starting Kohn-Sham LDA spectrum, are identified. Our final BetheSalpeter singlet excitation energies are found to agree, within 0.07 eV, with CASPT2 reference data, except for one charge-transfer state where the discrepancy can be as large as 0.5 eV. Our results agree best with LC-BLYP and CAM-B3LYP calculations with enhanced long-range exchange, with a 0.1 eV mean absolute error. This has been achieved employing a parameter-free formalism applicable to metallic or insulating extended or finite systems.
I. INTRODUCTION
Charge-transfer (CT) excitations, i.e. the creation of an excited electron and hole with weakly overlapping spatial distributions, are a crucial feature in donor-acceptor systems, important e.g. for photovoltaic applications. Indeed, in organic photovoltaic cells, the separation of the strongly bound photogenerated electron-hole pairs is believed to take place at the donor-acceptor interface through an intermediate CT excited state. [1] [2] [3] However, the exact mechanisms leading to charge separation remain rather controversial, 4-6 urging for computational quantum mechanical studies which allow an accurate exploration of local and CT excitations at various energies.
Treating CT excitations theoretically using ab initio methods remains difficult. Wavefunctionbased quantum chemistry methods such as multiconfigurational techniques, e.g. complete active space second order perturbation theory (CASPT2) or multi-reference configuration interaction (MRCI), 7 yield accurate results, but they are computationally too demanding to treat systems with more than a few tens of atoms. At the density functional theory (DFT) level, constrained DFT formalisms 8, 9 have proven to be extremely efficient in providing a good description of the lowest-lying CT excitation in rather large systems, but generalizing such techniques to higher excited states remains a difficult issue. Further, excited states wavefunctions, needed to calculate e.g. transfer rates, are not available. Using time-dependent density functional theory (TDDFT), [10] [11] [12] one obtains the entire excitation spectrum of systems significantly larger than that amenable to e.g. CASPT2 or MRCI approaches. However, it fails in most instances in reproducing CT excitations when standard (semi)local functionals are used. [13] [14] [15] Such difficulties paved the way for the success of rangeseparated hybrid functionals [16] [17] [18] [19] that are precise for both local and CT excitations, [20] [21] [22] [23] [24] even though the transferability from one system to another of the parameters controlling the short-and long-range exchange contributions remains a difficult issue.
25-27
Recently, an alternative approach derived from many-body perturbation theory (MBPT) within a Green's function formalism, the so-called GW [28] [29] [30] [31] [32] [33] [34] and Bethe-Salpeter (BSE) [35] [36] [37] [38] [39] [40] [41] formalisms, initially developed and extensively tested for bulk semiconductors, has been applied successfully to the problem of CT excitations in gas phase organic systems. An accuracy of 0.1-0.15 eV as compared to experiment could be obtained for small gas phase donor-acceptor systems combining acenes and acene derivatives with the tetracyanoethylene (TCNE) acceptor. 42, 43 Further, a similar agreement with coupled cluster (CC2) calculations 44 was obtained for intramolecular CT excitations in a coumarin family of interest for dyesensitized solar cells. 45 The accuracy of the GW /BSE approach was demonstrated to be equivalent to that of TDDFT calculations with range-separated hybrid functionals and optimized parameters, but with a parameter-free formalism providing equivalent accuracy for extended and finite size systems. However, the number of GW /BSE studies of CT excitations in gas phase organic systems remains very scarce and much work is still needed to benchmark the approach on a large variety of molecules.
In the present study, we explore within the GW /BSE formalism a small -even though delicate -system, namely a model dipeptide based on the N-methylacetamide (C 3 H 7 NO)
molecule (see Fig. 1a ). This system denotes one of the first cases where large errors have been observed at the TDDFT level, triggering its study by a large variety of approaches, including CASPT2, 46 TDDFT with various (semi)local, hybrid or range-separated functionals 22, 47 and also a Bethe-Salpeter study based on an "empirical" GW approach. 48 Difficulties were encountered to reproduce the CASPT2 results 46 with unusual discrepancies between the mentioned state-of-the-art techniques. Moreover, a very large sensitivity of CT excitation energies on the chosen functional parameters within e.g. the same CAM-B3LYP TDDFT framework was observed.
22,47
In this work, we emphasize in particular the effect of self-consistency within the GW formalism, updating both quasiparticle energies and further single-particle wavefunctions within the so-called self-consistent Coulomb-hole plus screened-exchange (COHSEX) static approximation to GW . 49 Important level reorderings are observed, as compared to KohnSham DFT calculations with semilocal functionals, which leads to important changes in the absorption spectrum. The effect of updating the wavefunctions within self-consistent COHSEX is shown to be more marginal. Our (singlet) excitation energies show an excellent agreement with existing CASPT2 calculations for most local and CT excitations, with a maximum error of 0.07 eV, except for a CT state shown to be blue shifted by up to 0.5 eV as compared to CASPT2. Overall, our results agree best with CAM-B3LYP calculations with an "enhanced" long-range exchange (α + β = 0.8) contribution and the original LC-BLYP formulation, showing a maximum mean absolute error of 0.1 eV for both local and CT excitations.
II. METHODOLOGY AND TECHNICAL DETAILS
Developed in the mid-60s -and later extended at the ab initio level in the mid-80s -for the study of the electronic properties of extended semiconductors and insulators, the GW formalism 28-34 is now starting to be applied to organic molecules in the gas phase in order to assess its merits and limitations. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] The GW approach aims at providing accurate quasiparticle energy levels, including the ionization energy and electronic affinity. As a brief overview, we introduce the non-local and energy-dependent self-energy operator Σ(r, r ′ ; E)
that represents the effect of exchange and correlation in a generalized eigenvalue equation:
where V ion and V H stand for the ionic and Hartree potential, respectively. The self-energy operator Σ includes all interactions beyond the Hartree contribution. In the so-called GW approximation, it is simplified to:
with G is the time-ordered single-particle Green's function and W is the dynamically screened Coulomb potential. φ n and ε n are input single-particle eigenstates/eigenenergies, respectively, typically taken from DFT Kohn-Sham calculations (see below). E F is the Fermi level and V C the bare Coulomb potential. ǫ −1 denotes the inverse dynamical dielectric matrix, calculated here below within the random phase approximation, and χ 0 is the independent-electron susceptibility. The infinitesimally small positive value (0 + ) is included when carrying out a Fourier transformation from time to frequency space to ensure convergence. For the sake of comparison, the non-local, but energy-independent (instantaneous), exchange Fock operator reads :
where G HF is built from Hartree-Fock single particle eigenstates. To study the influence of the input wavefunctions on the quasiparticle energies, we introduce a scheme which is widely used in the GW community for extended solids, namely a fully-self-consistent approach where both eigenstates and eigenfunctions are updated using the so-called static Coulomb-hole plus screened-exchange (COHSEX) approximation to the self-energy operator (see Ref. 80 for details). The resulting modified eigenstates are then used to perform partially self-consistent GW calculations updating the quasiparticle energy levels, but freezing the self-consistent COHSEX wavefunctions.
Subsequently to the calculation of the quasi-particle spectrum using the GW formalism, the (screened) Coulomb interaction between excited electrons and holes can be taken into account within the Bethe-Salpeter (BSE) formalism. [35] [36] [37] [38] Here, the neutral excitation energies are the eigenvalues of the following electron-hole Hamiltonian equation:
where the indexes (i,j) and (a,b) indicate the occupied and virtual orbitals, and (r e , r h ) the electron and hole positions, respectively. In this block notation, the vector [
represents all excitations (note e.g. that φ a (r e ) means that an electron is put into a virtual orbital), while the vector [φ i (r e )φ a (r h )] represents all disexcitations.
The so-called resonant R part is Hermitian and reads:
with η = 1 for the singlet states studied here (η = 0 for triplets). The quasiparticle energies ε QP a,b,i,j are the GW quasiparticle energies, while the φ a,b,i,j are the Kohn-Sham eigenfunctions or the self-consistent COHSEX wavefunctions depending on the preceding GW scheme (see above). Notice that the electron-hole interaction term involving the screened Coulomb potential W does not vanish for non-overlapping electron and hole states. In this limit, taking for sake of illustration the case (i=j=h) and (a=b=l), where h and l stand for the HOMO and LUMO state, one obtains:
where we included the TDDFT CAM-B3LYP expression 22 for sake of comparison. These equations have been derived in the long-range limit, reducing W (r, r
ǫ M is the macroscopic dielectric constant, and setting to one the error function in the exact exchange contribution to the CAM-B3LYP functional. Clearly, through vacuum, where ǫ M = 1, the correct asymptotic limit 81 : (IP − EA − 1/R), with IP being the ionization potential, EA the electronic affinity and R an average HOMO to LUMO distance, is recovered. In the CAM-B3LYP case, the correct asymptotic limit would require an α + β = 1. We will come back to this point in the following.
Within the so-called Tamm-Dancoff approximation (TDA), the coupling between resonant (R) and anti-resonant (R * ) transitions is neglected, i.e. C and C * are assumed to be zero. In the following, instead of applying the TDA, we diagonalize the full BSE matrix.
As recently shown in several BSE studies, 48, [82] [83] [84] it is important to go beyond the TDA in nanosized systems, where it can lead to a blue-shift of the order of 0.3 eV. Finally, due to the quick increase in size of the (φ a φ i ) product basis, we include all occupied states but restrict the contributing transitions to the lowest-lying 160 unoccupied (virtual) states. 85 The accuracy of the present GW /BSE formalism and its implementation has been tested recently in the case of small donor-acceptor complexes, with a mean absolute error (MAE) of 0. 45 We now address the delicate case of the dipeptide where, as shown below, significant differences have been observed between various methodologies.
III. RESULTS AND DISCUSSIONS
A. Notation
The model dipeptide studied here below was originally introduced in Ref. 46 and studied subsequently by a large variety of approaches 22, 47, 48, 88, 89 as a test case for intramolecular CT excitations. The molecular structure 90 is represented in Fig. 1a and was relaxed at a DFT- 
B. GW and Bethe-Salpeter calculations beyond the scissor operator
As discussed in the technical details section, we first perform self-consistency on the eigenvalues in our GW calculations, while leaving the Kohn-Sham wavefunctions unchanged. As expected, the DFT-LDA Kohn-Sham energy gap is significantly opened, from 4.6 eV to 11.9 eV within self-consistent GW . Beyond this known energy gap opening effect, important σ-and π-level crossings are observed for the highest occupied levels (see Fig. 3) , with in particular a GW correction about 0.5 eV larger for the two σ-states than for the two π-levels. An important consequence is that the highest occupied molecular orbital (HOMO) changes its character from σ within DFT-LDA to π within GW . One can speculate that the stronger localization of the σ-orbitals leads to a larger self-interaction error as compared to π-orbitals, pushing them at too high energies at the DFT-LDA level. A similar effect has been noticed in a recent GW study on DNA/RNA nucleobases, 62, 93 where it has been shown that the present partially self-consistent GW scheme leads to quasiparticle energies in excellent agreement with high-level quantum chemistry ab initio coupled-cluster and multiconfigurational perturbation methods such as CCSD(T), CASPT2 and EOM-IP-CCSD.
A recent study of the dipeptide, by Rocca and coworkers, 48 used the BSE formalism directly on top of a DFT Kohn-Sham calculation, for which the LDA HOMO-LUMO gap has been opened by hand using an "empirical" value. 94 This rigid shift preserved the DFT-LDA ordering and energy spacing between occupied (unoccupied) orbitals, an approach labeled the "scissor" approximation to the GW self-energy. We now analyze the results of our Bethe-Salpeter calculations starting from a quasiparticle (GW ) spectrum presenting a corrected level spacing and ordering.
C. Comparison to multi-reference quantum chemistry perturbation theory and TDDFT methods
In Table I and Fig. 4 , we provide the excitation energies as obtained by our GW /BSE calculations for the local W 1 and W 2 and the charge-transfer CT a and CT b transitions.
Our GW /BSE values are compared to standard TDDFT-LDA calculations performed both with the Fiesta code, using the same basis than for our BSE calculations, and the QuantumEspresso package 48,86 using a planewave basis. Further, the results of previous TDDFT calculations using the hybrid B3LYP, the long-range corrected LC-BLYP and the Coulombattenuated CAM-B3LYP functionals with two different parametrisations 22, 47 are presented, together with an early quantum chemistry CASPT2 calculation.
46
Our TDDFT-LDA calculations come in very good agreement with the previous TDDFT- LDA planewave-based calculations performed with the QuantumEspresso package. Introducing some amount of exact exchange in addition to the charge-density-dependent TDDFT kernel yields a term similar to the BSE W matrix elements, but with the bare Coulomb potential V C instead of the screened Coulomb potential W . As a result, even non-overlapping electrons and holes can interact. Previous TDDFT-B3LYP calculations (see Table I . This point will be discussed below.
Comparing our GW /BSE calculations (@LDA column in Table I) exciton, where the GW /BSE oscillator strength is closer to the CASPT2 value. As observed recently in a GW /BSE study of intramolecular CT excitations in the coumarin family, 45 obtaining an excellent agreement between the various formalisms proves more difficult for the oscillator strengths than for the corresponding excitation energies. The largest discrepancy between the present GW /BSE@LDA and available CASPT2
calculations is of 0.3 eV for the CT a excitation. For such a transition, our GW /BSE value is in nearly perfect agreement with the LC-BLYP prediction, lying in between the two CAM-B3LYP values. As evidenced in Table I and Fig. 4 , observing the rather large ∼0.7 eV variation between the two CAM-B3LYP values, such a transition is clearly very sensitive to the details of the exchange and correlation potential. Before commenting on such a deviation, we will test the impact of using frozen Kohn-Sham LDA eigenstates in the present GW and Bethe-Salpeter approach here below.
D. GW /BSE calculations starting from self-consistent COHSEX eigenstates
In an attempt to better understand this delicate system and to explore the accuracy of the present GW /BSE formalism, we finally test one of the common approximations in the GW community, namely the assumption that the Kohn-Sham and quasiparticle eigenfunctions strongly overlap, even though the energy gap may differ significantly. This has been demonstrated e.g. in the case of bulk silicon in the early days of GW calculations, 31 justifying the practice of updating the quasiparticle energies while freezing the starting Kohn-Sham orbitals.
A well-known example, where such an approximation fails, is the case of systems combining delocalized (s,p) orbitals and tight 3d levels such as transition metal oxides. Such a failure has been cured within a self-consistent GW approach, where both quasiparticle energies and wavefunctions are updated. 96, 97 In the case of atoms or small molecular systems, it has been demonstrated recently that fully self-consistent GW calculations 98-100 lead to better quasiparticle properties (ionization potential, HOMO-LUMO gap, etc.) than standard perturbative G 0 W 0 calculations based on frozen Kohn-Sham LDA or PBE eigenstates.
Due to high computational costs for performing fully self-consistent GW calculations, a scheme has been developed based on a simplified "static" approximation to the GW selfenergy operator, the so-called static screened-exchange plus Coulomb-hole approximation already discussed in a early paper by Hedin, 28 where the GW approach for the interacting homogeneous electron gas was introduced. In such an approach, full self-consistency with an update of both eigenvalues and eigenfunctions is performed at the COHSEX level, followed by a GW calculation with self-consistency on the eigenvalues only. 80 Such a scheme, in the following labeled as GW @COHSEX, has been shown to yield excellent results in semiconductors combining extended and localized states, 80, 101 as recently demonstrated in the case of transparent conductive oxides and quaternary thin films for photovoltaics 102, 103 or bulk gold. 104 Very briefly, the two contributions to the COHSEX self-energy are:
where the screened exchange Σ SEX term is analog to the bare exchange Fock operator - Our findings concerning the self-consistent COHSEX run are consistent with previous observations on extended semiconductors, 31 namely that the static COHSEX approximation overcorrects the energy gap. Our COHSEX HOMO-LUMO gap for the dipeptide is found to be 12.9 eV, instead of 4.62 eV within DFT-LDA and 11.8 eV for GW @COHSEX, respectively. Providing a first indication that updating the wavefunctions does not affect very significantly the quasiparticle energy spectrum, we see that the 11.8 eV GW @COHSEX energy gap is in good agreement with the 11.9 eV GW @LDA value previously found. For the sake of comparison, the Hartree-Fock HOMO-LUMO gap is found to be 13.85 eV (allelectron cc-pVTZ Gaussian09 value). Clearly, the COHSEX gap is much closer to the final GW value than the starting DFT-LDA HOMO-LUMO Kohn-Sham gap. As compared to GW calculations, the slightly too large COHSEX gap originates mainly from the HOMO which is located nearly one eV too low in energy (overbinding), while the LUMO is found to agree within 0.1-0.2 eV with the final GW value.
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Besides the improved value of the energy gap, an important finding is that the selfconsistent COHSEX approximation yields the correct ordering of states. In particular, the do not differ significantly, despite the very large difference in energy spectra. For the sake of illustration, we plot in Fig. 5 the LDA, COHSEX and Hartree-Fock σ 1 and π * 2 wavefunctions averaging the charge within planes perpendicular to the molecular "axis". For the occupied σ 1 state, the LDA, COHSEX and Hartree-Fock wavefunctions (dotted lines) are nearly indistinguishable. However, for the π * 2 state (full lines), differences start to appear in particular at the Hartree-Fock level. Clearly, the COHSEX wavefunction is closer to the Kohn-Sham-LDA one, even though the COHSEX (and GW ) quasiparticle spectrum is closer to the Hartree-Fock one.
The results of our GW /BSE study starting from self-consistent COHSEX eigenstates is presented in the column "@COHSEX" of Table I . As compared to GW /BSE calculations where the Kohn-Sham eigenstates are kept frozen ("@LDA" column), the W 1 and While we cannot comment on the accuracy and limitations of the available CASPT2 calculations, we certainly can emphasize in particular the lack of double-excitations in the present GW /BSE formalism and in TDDFT calculations, a possible explanation that would require more sophisticated treatments such as the inclusion of dynamical effects in the screened Coulomb potential matrix elements at the BSE level. 106 While this is certainly beyond the scope of the present paper, we can conclude that as it stands, the present parameter-free GW /BSE approach offers an accuracy comparable to TDDFT calculations performed with the best available parametrized range-separated functionals.
IV. CONCLUSIONS
We studied within the many-body Green's function GW and Bethe-Salpeter formalisms the excitation energies of a paradigmatic dipeptide that has served as a benchmark for describing intramolecular CT excitations in organic systems within various theoretical frameworks, including TDDFT with local, global hybrid and range-separated hybrid functionals, CASPT2 calculations and a previous Bethe-Salpeter study based on a model GW approach.
In the present work, we performed fully ab initio GW calculations, evidencing important enforce the agreement between the TDLDA and BSE excitation energies for the local W 1 transition. Due to the iterative methodology used in this previous work, the CT a transition with vanishing oscillator strength could not be obtained at the BSE level beyond the TDA. 95 The use of the Tamm-Dancoff approximation at the GW /BSE level leads to increased excitation energies and a deteriorated spectrum as compared to CASPT2. In agreement with the 0.15 eV blue shift reported by Rocca and coworkers, 48 the largest TDA induced shift
